The emission spectra of laser-ablated Cu atoms in water were examined, focusing on the irradiation-pulse duration effects. Spectral line profile was observed for the pulse duration of 19, 90, and 150 ns at various delay times. The line width as narrow as instrumental width was obtained by 150-ns pulse at the delay time of 800 ns. Also, long pulses result in high intensity of the emission. The spectral feature obtained by long pulses looks similar to that obtained in a gas phase. The absorption of the later part of the long pulse directly by the plume having been formed by the earlier part of the pulse may be the cause of this gas-phase-like emission. Whether the pulse heats directly the surface or the plume was investigated by the measurements of the removal volume of the ablation pit obtained by laser confocal scanning microscopy and the maximum bubble expansion size observed by shadowgraphy.
Introduction
Laser induced breakdown spectroscopy (LIBS) of solid surfaces submerged in liquid has great potential in many applications, such as elemental analysis of underwater sedimentation [1] or in situ analysis of electrodeposits [2] , etc. However, if a usual ns pulse with the width of 10 ns or so is used as an ablation laser, the emission spectra from the plume in liquid give intense continuum [3, 4] , which is not preferable for the application of LIBS to elemental analysis of solid surfaces submerged in liquid. To overcome this problem, double-pulse irradiation has been proposed [5, 6] . Recently, we have published a preliminary result that the irradiation of a long nanosecond single pulse gives less-broadened emission spectral lines from the ablation plume in liquid environment without noticeable continuum from the background plasma [7] .
Furthermore, the long ns pulse seems to give more intense emission than short pulses.
According to these results irradiation with long ns pulses are promising in application to in situ LIBS in water, or maybe in any transparent liquid.
Also interesting is that surface damage could be surprisingly small if the pulse width of 150 ns was used as the ablation laser. This was suggested in our previous work, in which the ablation damage of electrodeposited Cu film in water was estimated from the number of pulses required to penetrate the film, when the pulse width of 150 ns was used as an ablation laser [8] . Low damage by the irradiation with a long ns pulse is also expected for sample surfaces much more solid than the electrodeposited film examined in our previous work.
The above findings can be summarized as follows: a long ns pulse gives intense emission, although the ablation efficiency is pretty low. This is an important advantage for the application to surface analysis. On the other hand, the mechanism of such improvement is not clear so far. To pursue this aspect of the phenomena further, it is important to clarify the mechanism of the laser ablation by a long ns pulse. The studies on the laser breakdown in bulk water also suggest the importance of the absorption of laser by the plasma [9, 10, 11, 12] . Here we suppose that the most important aspect of the pulse-duration effect is the difference in the fraction of pulse energy directly deposited to the surface without being absorbed by the plume. Although we cannot directly measure this quantity, the size of the pit left after irradiation should be related to the energy given to the surface. Also, the maximum size of the cavity or bubble expansion after pulsed-laser breakdown is known to be proportional to the energy that the bubble has gained [13] .
In the present paper we report on ~0.2-nm-resolution emission spectra of the plume for various pulse widths of ablation laser, namely, 19, 90 or 150 ns. The line profiles were also examined for various delay times. To have information on the energy deposited to surface, the ablation efficiency was studied in detail by examining the volume of the pit left on a Cu target. Also, to have additional information on the energy deposited to the plume, the plume expansion size or the maximum cavity size was compared for different pulse widths on the basis of the shadowgraphy of cavity expansion.
Experimental
The experimental setup for the measurement of emission spectra is basically the same as our previous studies and given elsewhere [2, 7] . Briefly, a home-build as a detector. Since the entrance slit was set to 150 µm to have good signal-to-noise ratio, the resolution of the system was ~0.2 nm. Timing of the data acquisition was controlled by the gating operation of the ICCD by a pulser (Princeton Instruments, PG200). The size of the pit formed by ablation was systematically measured. Again, Cu was employed as a target. Confocal laser scanning microscopy was employed to observe 3-dimensional image of the pits and the volume of the material removal was calculated by the software installed in the confocal laser scanning microscope system (Olympus, OLS1000). The volume removal was measured as a function of the laser pulse shot number.
Results
The emission spectra of the ablation plume obtained by the irradiation of a Cu target in water are given in Fig. 2 were expected to give strong self-absorption, because of the high population of the lower state, which is the ground state. We selected these lines to demonstrate clearly the effects of the pulse width and the advantage of the long pulse. For all the delay times employed in the measurement, the intensity of emission was high enough to evaluate the spectral line width when the pulse width of 90 ns or 150 ns was employed, while we could not obtain clear spectral feature by the irradiation with a 19-ns pulse. This agrees with our previous work based on lower-resolution spectral measurements [7] . The spectral width of the line depends on the delay time. We obtained the narrowest width of 0.18 nm at the delay time of 800 ns, which corresponds to the instrumental broadening of the spectrograph-ICCD system employed in the experiment. Also, we observed self-reversed absorption in the middle of the emission line spectral feature in the case of 90 ns pulse width for all the delay times employed in the measurement and also for150-ns pulse for the delay time of 500 ns. The results suggest that the characteristics of the plumes are sensitive to the laser pulse width. is assumed. In the case of the ablation in water (Fig. 3(b) ), the ablation efficiency is drastically reduced by the use of a long pulse, such as 90 or 150 ns. The volume removal for 150 ns was negligibly small, although the irradiation spot was roughened by the ablation event. In air, the pulse width effect is not as clear as in water, i.e., the volume removal shows the same order for three pulse widths examined in the experiment. The irradiation by 19-ns pulse gives the volume removal significantly larger in water than in air, as has been observed in previous studies [8, 15] , while for the longer pulses the volume removal in water is rather smaller than in air. give intense emission. This is consistent with the results of the emission spectra, showing high intensity for long ns pulses. Unfortunately, due to the bright emission we could not clarify if the cavity or the bubble starts to grow at this time for the long ns pulses, while a small bubble-like feature is seen in the shadowgraph taken by 19-ns-pulse irradiation.
After the extinction of the emission, the bubble growth is clearly seen in the time range of 1 µs to 100 µs. The bubble expands to its maximum size at ~100 µs, and then it shrinks its size and collapses. The bubble size measured by a height of the hemisphere gives a maximum of ~1 mm before collapse. We could not observe a significant difference between the results for the pulse widths of 90 and 150 ns, while the pulse width of 19 ns seems to give smaller sizes in all the delay times of the observation. Note that we can only take one shadowgraph image by a single pulse irradiation, which means that the tendency to obtain smaller size for the irradiation of a 19-ns pulse is reproduced by all the measurements for various delay times.
Discussion
It is clearly seen in Fig. 2 that the spectral measurements using a long ns pulse always give extremely narrow widths for the Cu atomic emission lines at 324.8 nm The width of this narrowest line is comparable to the instrumental width of the present experimental system. This is a promising result for the application to in situ LIBS.
However, all the other spectral lines suffer from the broadening effect, i.e., Stark broadening, collision broadening or the broadening by the self-absorption effect [16] . The emission intensity observed by the 19-ns-pulse irradiation is very weak. This is due to a fast quenching of the plume in water [17] . If we use a higher fluence, the emission is clearly observed, although the spectra show an intense continuum. Fig. 2 show a self-reversed structure in the middle of the emission feature. The origin of the self-reversed structure is that emission from a high-temperature core region is absorbed by the surrounding low temperature region [16, 18, 19, 20] . The temperature gradient seems to be more prominently influencing the spectra in water than in air. This is consistent with the fast quenching in water, which gives temperature decrease from a high temperature plume to room temperature water within a small thickness. Another condition that is necessary for this spectral feature to appear is that the emission region should be optically thick, as is often the case for laser-induced plasmas, or laser-ablation plumes. This means that the quantitative analysis based on the proportionality between the spectral-line intensity and the population density is quite difficult, at least, as long as we observe the self-reversed structure. In other words, the line intensity does not directly represent the population density, and hence, quantity of a certain element. We need a quite elaborate process for the quantitative estimation of the elemental density from a spectral line being influenced by self-absorption effects [16, 21, 22] . On the other hand, as seen in Fig. 2(b) , the results obtained by a 150 ns pulse at the delay time of 800 ns, the spectral lines are free from the 8 self-reversed structure. The self-absorption might be less serious in this case. However, the spectra are still suffering from the self-absorption effects, as suggested by the intensity of the two lines, i.e., similar intensity for the fine-structured doublet lines are observed, while it should be 2:1 for 324.8 and 327.4 nm lines in the self-absorption-free spectra, since the former has twice as large statistical weight for its upper state as the latter line has. The self-absorption effect results in leveling of the intensity of these two lines.
Most of the lines in
Such a strong self-absorption effect is basically due to a high density of the light emitting region, while it is also due to a high population density of the lower state of the transition, i.e., the lower state is the ground state, the population of which is the highest. From the point of view of the Boltzmann distribution the ratio of the two levels involved in the transition is proportional to the Boltzmann factor. Since the self-absorption preferably occurs for the transition with a highly-populated lower level, the ground state has a high chance to show significant self-absorption effects.
The present results are, therefore, not satisfactory from the point of view of "free of self-absorption". However, the results given by long ns pulses show significant improvement, i.e., (a) spectral lines narrow enough to distinguish elements, (b) very little continuum in any delay times later than 500 ns, (c) spectral feature without an apparent self-reversal structure at delay times later than 800 ns, and (d) extremely intense emission compared with the irradiation by a 20 ns pulse. These characteristics are all suitable for the application to LIBS measurement.
To improve the spectral feature further and enable quantitative analysis, the mechanism of line narrowing by the elongation of the pulse should be clarified. We here suppose that the plume can receive further energy directly from the later part of the long pulse. This means that we can excite the plume efficiently without depositing excess energy to the surface, avoiding an unnecessary damage to the surface.
According to the results shown in Fig. 3(b) , the damage to the sample surface seems to be minimized by using a long ns pulse, although the long pulse gives intense spectral lines. This behavior is opposite of the results obtained in air atmosphere, where ablation by a long pulse is more efficient than a short pulse (Fig. 3(a) ). Also, it can be seen in the figure that ablation efficiency is higher in water than in air when a short pulse is used, while it is opposite when a long pulse is used. The ablation by a long pulse for a target in water gives lowest efficiency compared with any other irradiation conditions examined in Fig 3. When a long pulse is used for the target in water, the ablation pit volume is so small that it is comparable to the error in the pit volume measurement caused by the roughness of the surface due to the laser irradiation. The low damage observed for a long ns pulse seems to be inconsistent with the intense light emission, if we assume that the ablated species equally emit light with the same emission efficiency. The high light-emission efficiency for long-pulse irradiation with the ablation rate being quite low is rather explained by the rate of extinction in the plume, i.e., the extinction is usually quite fast for a small plume due to the presence of nearby water, while even a small increase in the plume size can lower the extinction rate, and can cause significant increase in the intensity of the emission. The present results are rather consistently explained if we assume that the later part of the long ns pulse is directly absorbed by the plume and does not reach to the surface. This is consistent to our recent work on the pulse-width effects upon the image of the plume [23] , i.e., a long ns pulse gives a larger and clearer hemispherical plume, while a shorter pulse gives a smaller and rather flat emission image.
In line with this explanation, the maximum sizes of the bubble expansion observed in shadowgraph images can also be explained. According to a simple hydrodynamic calculation, the maximum bubble size is proportional to the energy given to the bubble [13] . Also, suppose that the bubble has taken in the excited region or the plume during its expansion. Then the highly excited plume should result in a larger bubble. Note that a large part of the energy deposited into the target diffuse into the bulk of the target and does not used to heat up the bubble, while the energy directly given to the plume ends up heating the bubble. The results of the maximum bubble size observed in the shadowgraph images is rather consistent to above discussion, i.e., a long ns pulse tends to give energy directly to the plume while a short pulse give energy to the surface.
Conclusion
Less-broadened spectral lines and a weak continuum in the emission spectra of the plume in liquid by a long ns laser pulse were examined, with special attention on the effect of pulse width. For the 3d 10 4s 1 2 S-3d 10 4p 1 2 P o transitions of atomic Cu observed at 324.8 and 327.4 nm, the line width (FWHM) as narrow as 0.18 nm was observed by 150-ns pulse at the delay time of 800 ns.
The pulse duration effect was assumed to be due to the absorption of the later part of the long pulse directly by the plume and the energy deposited to the surface is less for a long pulse than a short pulse. The size of the target damaging measured by laser confocal scanning microscopy and the maximum bubble size measured by shadowgraphy suggest low damaging and efficient heating of the plume by the use of longer pulses.
The long ns pulse is favorable for the application to in situ LIBS in liquid in the following reasons; a relatively slow heating of the plume causes a larger and less-dense plume, and therefore, the emission spectral lines can be less broadened with weak continuum, the emission can be fairly intense, and the surface damage is minimized. 
